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SupercomplexLHCII, the most abundant membrane protein on earth, is the major light-harvesting complex of plants. It is gener-
ally accepted that LHCII is associated with Photosystem II and only as a short-term response to overexcitation of
PSII a subset moves to Photosystem I, triggered by its phosphorylation (state1 to state2 transition). However,
here we show that in most natural light conditions LHCII serves as an antenna of both Photosystem I and Photo-
system II and it is quantitatively demonstrated that this is required to achieve excitation balance between the
two photosystems. This allows for acclimation to different light intensities simply by regulating the expression
of LHCII genes only. It is demonstrated that indeed the amount of LHCII that is bound to both photosystems de-
creases when growth light intensity increases and vice versa. Finally, time-resolved ﬂuorescence measurements
on the photosynthetic thylakoidmembranes show that LHCII is even amore efﬁcient light harvester when associ-
ated with Photosystem I than with Photosystem II.
© 2013 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Photosynthetic organismsharvest light via two large pigment-protein
assemblies called photosystems I (PSI) and II (PSII) that work in series to
transform light energy into chemical energy. For optimal performance
the excitation pressure on the two photosystems needs to be balanced.
However, the absorption spectra of PSI and PSII are different and as a re-
sult, variations in light quality drive both photosystems to a different ex-
tent, leading to imbalances. As a short term acclimation response, a
process called state transitions redistributes the amount of excitations
between PSI and PSII. When PSI is preferably excited (in far-red light),
plants go to State 1 (St1), where all major antenna complexes (LHCIIs)
are associated with PSII. When excitation pressure changes in favor
of PSII, a mobile pool of LHCII moves and reversibly associates with
PSI (St2) [1–7]. If the imbalance persists for longer times, plants ad-
just their PS stoichiometry [8–10].
In thylakoids of higher plants PSI and PSII are laterally segregated.
PSII is mainly found in the appressed grana membranes, while PSI is re-
stricted to the non-appressed grana end-membranes and margins and
to the stroma lamellae [11]. The location of mobile LHCII is regulatedd spectra; EE, excitation ener-
complex; LL, low light; LHCII,
ight; NPQ, non-photochemical
SI, photosystem I; PSII, photo-
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-NC-ND license.by phosphorylation [12–16]. The LHCII kinase is under control of the
interphotosystem electron carrier, plastoquinone [17]. When the plas-
toquinone pool is reduced, the kinase is activated and phosphorylated
LHCII moves from PSII to PSI [17]. When the plastoquinone pool is oxi-
dized, the LHCII kinase is inactivated, mobile LHCII is dephosporylated
and moves back to PSII [18]. This process occurs in low light, while in
high-light conditions the LHCII kinase is inactivated by the stromal
electron carrier thioredoxin even if the plastoquinone pool is reduced
[19,20].
PSII is composed of a core complex where the primary photo-
chemistry takes place, and a peripheral antenna system, encoded by
the Lhcb1–6 genes [21]. The major antenna of PSII, LHCII, is a trimeric
light-harvesting complex (Lhc) composed of a combination of the
Lhcb1–3 gene products. The minor Lhcbs consists of three monomers,
Lhcb4–6, also named CP29, CP26 and CP24. All Lhcbs coordinate chlo-
rophylls (Chls) a and b, and several xanthophylls [22]. Lhcbs associate
with dimeric PSII cores to form PSII supercomplexes. The largest PSII
supercomplex observed in Arabidopsis thaliana contains one copy of
each minor complex and two LHCII trimers per core (C), which are in-
dicated as S (strongly bound) and M (moderately bound) forming the
C2S2M2 supercomplex. Depending on light growth conditions up to
two more LHCII trimers per PSII core can be present in the thylakoids
[23], but their interaction with the PSII supercomplex is rather weak,
as the association does not survive even very mild solubilization [24].
At variance with PSII, it has been shown that the antenna size of PSI
is not dependent on light growth conditions [25]. PSI is composed of a
core and four Lhca antennas located at one side of the core [26,27]. In
St2 the LHCII trimer binds on the opposite side interacting with the
PsaA, -H, -K, -L subunits [4,28,29]. It remains to be determined how
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sociated to either of the photosystems in the thylakoid membrane.
The EE transfer and primary photochemistry have to compete with
the intrinsic excited state lifetime of the Lhcs. Therefore, the faster the
EE transfer the higher the efﬁciency of the PS will be.
In this work we study the structural and functional organization of
PSI and PSII in response to acclimation to different light intensities.
The results lead to a new view on light acclimation of the photosynthet-
ic apparatus in higher plants, challenging several existing dogmas.2. Materials and methods
2.1. Plant material
A .thaliana (Col)WTplantswere grownat 100 μE/m2/s, 70%humidity,
22 °C, and 8 h of daylight (Plant Climatics Percival Growth Chamber,
Model AR-36L, Germany). After four weeks, moderate light plants (ML)
were grown an additional 2.5 weeks at this light intensity, while low
light (LL) and high light (HL) plants were transferred to 20 μE/m2/s and
800 μE/m2/s (for LL and HL Growth Chamber Models were AR-36L and
SE 1100), respectively, for an additional 4 weeks. Sunlight plants were
grown in the green house under ﬂuctuating natural light for six weeks
(Supplementary Fig. S1A, in April and May, The Netherlands), or under
controlled conditions (100 μE/m2/s, 70% humidity, and 14 h of daylight)
for four weeks and in the greenhouse for an additional 12 days (Supple-
mentary Fig. S1B, in June, The Netherlands). Only leaves fully exposed to
the light were used for measurements.2.2. Plant treatment and thylakoid isolation
Leaveswere harvested and directly transferred to ice/water after the
plants were treated with different light conditions: 6–7 h of daylight at
the light intensity to which the plants were acclimated (LL, ML, HL),
overnight dark adaptation, 50 min of 20 μE/m2/s 450 nm LED light
(low light)+far red light (FR) in Fytoscope FS130 (Photon Systems In-
struments, Brno, Czech Republic), or 50 min of 20 μE/m2/s white light
after overnight dark adaptation. Thylakoid membranes were prepared
according to [24] with the addition of 10 mMof NaF to all buffers, to in-
hibit phosphatase activity. The membrane was resuspended in 20 mM
Hepes pH 7.5, 0.4 M sorbitol, 15 mM NaCl, 5 mM MgCl2 and 10 mM
NaF, quickly frozen in N2 (l) and stored at 193 K until use.2.3. Pigment composition, absorption and ﬂuorescence spectroscopy
Absorption spectrawere recorded on a Cary 4000UV–vis spectropho-
tometer (Varian, Palo Alto, CA). For pigment analysis the absorption spec-
tra of the 80% acetone extract with the spectra of the individual pigments
was used, as described before [30]. The electrochromic carotenoid band
shift of intact leaves, after a saturating light pulse, was measured with
the JTS-10 (BioLogic, France) and used to estimate the PSI/PSII ratio
(See alsoM&M in SI). Fluorescence spectra were recorded on a Fluorolog
3.22 spectroﬂuorimeter (HORIBA Jobin Yvon, Longjumeau,France). 77 K
emission spectra were measured in 66% w/v glycerol, 10 mM Hepes pH
7.5, 5 mM MgCl2, 15 mM NaCl and 10 mM NaF. Time correlated single
photon counting (TCSPC) was performed at 283 K for PSI and PSI-LHCII,
and at ambient temperature for thylakoidswith a homebuilt setup, as de-
scribed previously [31]. Excitation was performed with a light pulse at
475 nm and a repetition rate of 3.8 MHz. Other experimental settings
were as in [32] for PSI and PSI-LHCII and as in [33] for thylakoids. The
steady-state ﬂuorescence emission spectra were used to calibrate the
decay associated spectra (DAS). The average lifetime was calculated as
bτ>=ΣAi*τi/ΣAi, with Ai the amplitude (thylakoids) or the area under
the DAS (PSI and PSI-LHCII) and τi the lifetime of the ith component.2.4. Polyacrylamide gel electrophoresis (PAGE)
Denaturing PAGEwas performedwith the Tris–Tricine system [34] at
a 14.5% acrylamide concentration. Clear native PAGE was performed as
in [35], with the 25BTH20G buffer and an acrylamide/bisacrylamide
ratio of 32:1 in both stacking (3.5%) and resolving (4 to 14%) gel. The
ﬁnal Chl concentration was 0.5 mg/ml and the ﬁnal detergent concen-
tration was 1% digitonine/0.1% α-DDM, as in [36]. The cathode buffer
was supplemented with 0.02% α-DDM and 0.05% sodium deoxycholate.
Pro-Q Diamond Phosphoprotein Gel Stain (Molecular Probes) was used
as described in the user manual, except that the samples were not
desalted and delipidated. Immunoblot analysis was performed as in
[37], with CP43 AS11 1787, Lhcb1 LHCII Type 1 AS09-522, Lhcb2 AS01-
003 and Lhcb3 AS01-002 antibodies from Agrisera (Sweden).
2.5. LHCII per PSII in thylakoid membranes
The number of LHCII complexes per PSII core was evaluated by
SDS-PAGE (14.5% Tris–Tricine; [34] and colorimetric detection. After
Coomassie Brilliant Blue staining (ﬁx: 50% methanol, 10% acetic acid;
stain: 10% acetic acid, 0.025% Coomassie; destain: 10% acetic acid),
gels were digitized with a Fujiﬁlm LAS 300 scanner, and the optical
density integrated on the area of the band was quantiﬁed using the
GEL-PRO Analyzer (Media Cybernetics). The number of Lhcb1,2 per
PSII core was quantiﬁed as in [38], while the level of Lhcb3 per
core was assumed to be 1, based on the presence of one Lhcb3 per
trimer M [39,40].
2.6. Electrochromic shift (ECS)
Kinetic measurements were performed using the JTS-10 Joliot type
spectrometer on intact dark adapted leaves [41] (BioLogic, France). Sat-
urating ﬂash was provided by a xenon ﬂashlamp (3 μs full width halve
maximum), measuring ﬂashes were provided with a white LED source
passed by an interference ﬁlter (520 nm/546 nm). PSI and PSII charge
separation capacity was calculated from changes in the amplitude of
the fast phase of the ECS signal at 520 nm (corrected for signal at
546 nm) upon excitation with a saturating ﬂash, before and after inﬁl-
tration of the leaves with PSII inhibitors (200 μM DCMU and 1 mM
hydroxylamine).
2.7. Puriﬁcation of PSI-LHCII complex
For solubilization, 150 μg Chls of St2 thylakoid membranes were
solubilized by adding an equal volume of a solution containing 1%
digitonine-0.2% α-DDM to have a ﬁnal Chl concentration of 0.5 mg/ml,
vortexing for a few seconds and incubating 20 min on ice. The solubi-
lized samples were fractionated by ultracentrifugation on a sucrose gra-
dient containing (obtained by freezing and thawing a solution of 0.6 M
sucrose, 0.02% digitonin and 10 mM Hepes, pH 7.5) in a SW41 rotor,
for 17 h at 41000 rpm and 4 °C, after removing the sucrose the samples
were loaded on a second gradient to further purify the complex. PSI was
obtained in the same way from St1 membranes. See [36] for further
details.
3. Results
3.1. Is LHCII associated with PSI after long term acclimation?
LHCII is commonly deﬁned as the major antenna complex of PSII.
Only in response to “PSII light” (peaking around 480 nm or 650 nm)
or low light, a fraction (around 15% in land plants) is thought to
move to PSI [42]. However, even though the kinase is supposed to
be inhibited in high light [19,20], the high-light acclimated plants of
Tikkanen et al. showed several St2 characteristics [43]. Here we inves-
tigated if LHCII is associated with PSI after long term acclimation to
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(ML, 100 μE/m2/s) or high light (HL, 800 μE/m2/s). Plants were
harvested either after several hours of white daylight (in the follow-
ing indicated as “growth light” plants) or after 50 min exposure to
low light+far red (FR) light. The phosphorylation state of the thyla-
koid proteins was evaluated with Diamond Pro-Q Phosphostain and
the presence of PSI-LHCII supercomplexes with clear native PAGE.
Note that it is essential to use digitonin to solubilise the thylakoid
membranes, because the PSI-LHCII supercomplexes dissociate in all
other common detergents [4,28,35,36]. Fig. 1 shows that growth light,
compared to FR light, led to: increased level of PSI-LHCII supercomplexes,
increased Lhcb1,2 phosphorylation and enhanced 735 nm (PSI 77 K
ﬂuorescence) emission.
The identity of the PSI and PSI-LHCII band in the native gel was con-
ﬁrmed by a second dimension (2D) denaturing gel (Fig. S1). To study
the protein composition of the PSI and PSI-LHCII complexes inmore de-
tail, the bandswere excised and eluted from the native gel and analyzed
by denaturating PAGE andwestern blotting (Fig. 2). Lhcb1 and 2 but not
Lhcb3 were detected in the PSI-LHCII fraction. CP43 was also not
detected in the PSI-LHCII fraction, thus excluding the possibility of PSII
contamination. The absence of Lhcb3 in the PSI-LHCII supercomplex is
in agreement with the results of [44] showing that this polypeptide is
not present in St2 stroma membranes, and with the recent results of
[36] which show the absence of Lhcb3 in PSI-LHCII supercomplexes pu-
riﬁed by sucrose density ultra-centrifugation. Furthermore, Pro-Q stain
revealed that the LHCII polypeptides associated with PSI are phosphor-
ylated, in agreement with the model that LHCII moves to PSI when
phosphorylated [13,15,16,42]. The fraction of PSI complexes containing
LHCII was estimated from the green native gel, taking into account that
PSI-LHCII has a 28% larger absorption cross section compared to PSI (see
Fig. S2A). It was found that a large fraction of PSI is present as PSI-LHCII
in growth light (65% LL; 54%ML; 40% for HL). It can be concluded that in
acclimated plants LHCII serves as antenna for PSI under all light intensi-
ties. This state resembles St2, howeverwe avoid this termbecause St2 is
usually deﬁned as a short term acclimation state induced by “PSII light”,Fig. 1. Analysis of the transition state of plants grown in different light intensity. Thylakoid m
light intensity from LL, ML, HL and sunlight acclimated plants. Top: Coomassie blue (Coom
gels are shown. Middle: Chlorophyll a/b ratio of the thylakoids, and fraction of PSI with LHC
ﬂuorescence emission spectra of thylakoids, after excitation at 484 nm, normalized at the mwhile our experiments show that plants are also in this state after long
term acclimation to white light.
To verify if the results obtained under controlled growing chamber
conditions are also relevant for natural conditions we studied plants
grown in sunlight, with ﬂuctuating light intensity. Thylakoids were iso-
lated fromplants harvested atmidday directly or after 50 min of LL+FR
treatment. Also in the sun plants LHCII was associatedwith PSI, although
the level was with 32% somewhat lower than found in controlled light
conditions (Fig. 1).
To get a complete picture we also checked the state of our plants
upon short term acclimation to different light intensities. In agreement
with previous results, St2 characteristics are observed in ML and HL
plants after short term low light treatment (Fig. S3A) [13,15,45–47],
while 30 min of high light (non-photochemical quenching (NPQ) con-
dition) led to the dissociation of LHCII from PSI (Fig. S3B).
It should thus be concluded that in contrast towhat it is generally be-
lieved under awide range of light intensities, including sunlight, LHCII is
associatedwith PSI, while in shade-light (FR) or sudden high-light LHCII
moves to PSII.
3.2. Excitation pressure on PSI and PSII
Recently, we have shown that the PS excitation balance can be es-
timated based on the absorption spectra of PSI, PSII and Lhcs, taking
into account PS composition and stoichiometry [10] and we applied
this method here to characterize the ML grown plants. The PSI/PSII
ratio was estimated from the electrochromic carotenoid shift after a
single turnover saturating ﬂash [48], and the number of LHCII trimers
per PSII core was evaluated with SDS-PAGE. A PSI/PSII ratio of 0.75
and 2.4 LHCII trimers per PSII core were obtained. Based on the pig-
ment composition of the individual thylakoid complexes, a Chl a/b
ratio of 3.33 [10,22] is expected, in excellent agreement with the
measured value (Fig. 1). These numbers were used to calculate the
relative absorption spectra of PSI and PSII in St1, thus considering
that all LHCII complexes are associated with PSII (Fig. S2B). Theembranes were isolated after 50 min of low light+far red light (FR) or 6–7 h of growth
) and Diamond Pro-Q Phospho (Pro-Q) stained SDS-PAGE gel and clear native (native)
II associated in the growth light (data are presented as mean±SD, n≥3). Bottom: 77 K
aximum in the 690–700 nm PSII core emission region.
Fig. 2. Analysis of the LHCII protein composition in PSI-LHCII. Thylakoids isolated from
plants in St1 or St2were solubilizedwith 1%digitonin/0.1%α-DDMand runon a clear native
PAGE (see Fig. 3). PSI-LHCII and PSI were excised from the gel, eluted and run on SDS-PAGE.
Thylakoids in St1 and St2, as well as the B4 supercomplex (trimer-M-CP29-CP24) puriﬁed
by sucrose gradient ultracentrifugation were loaded as reference. The total protein content
was visualized by Coomassie Blue staining (top), the phosphorylated proteins were stained
with Pro-Q Diamond Phosphoprotein Stain (middle) and speciﬁc proteins were identiﬁed
with immunoblot analysis (bottom). The presence of small amounts of Lhcb1 and Lhcb2,
but not of Lhcb3 in the PSI lane indicates that the sample is somewhat contaminated with
PSI-LHCII.
Fig. 3. Absorption spectra of PSI and PSII. Wavelength dependence of relative PSI and
PSII absorption was estimated based on the PSI/PSII stoichiometry, PS composition
and PS efﬁciency in ML plants assuming that all LHCII is associated with PSII (A), or
part of LHCII is associated with PSI (B) as found to be the case under growth light.
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for the PSI efﬁciency of 98% (see below) and the PSII efﬁciency of 83%
[49]. In St1 conditions the effective absorption of PSII is larger in almost
the entire photosynthetically active radiation (PAR) range; only above
681 nm the PSI absorption is stronger (Fig. 3A). In moderate growth
light it was found that 54% of the PSI complexes is associated with an
LHCII trimer (Fig. 1), meaning that PSII has 0.4 LHCII trimers less per
PSII core (based on the PSI/PSII ratio of 0.75). These numbers were
used to calculate the effective absorption of PSI (including PSI-LHCI)
and PSII in growth light. Clearly, the excitation pressure for white light
is far better balanced between PSI and PSII (Fig. 3B) when part of
LHCII is bound to PSI. The total effective absorption of the PAR (360–
750 nm) in growth light is 1.04 times higher for PSI than for PSII,
whereas in St1 the effective PSI absorption is only 80% of that of PSII
(for the growth light spectrum these values are 98% and 74%, respec-
tively (Fig. S2C, D)). This result shows that inwhite light the PSI antenna
size needs to be increased by LHCII to balance the excitation between
the two photosystems.
3.3. Excitation energy transfer from LHCII to PSI
In order to study the excitation energy transfer from LHCII to PSI, isolat-
ed PSI and PSI-LHCII were measured with TCSPC using 475 nm excitationpulses; at thiswavelength a relative large fraction (35%, Fig. S2A) of the ex-
citations is created on LHCII in PSI-LHCII. Theﬂuorescence decay associated
spectra (DAS) of PSI and PSI-LHCII are given in Fig. 4. The decay of PSI oc-
curs with lifetimes of 24 ps, 79 ps and a minor contribution of 0.20 ns.
For PSI-LHCII the decay lifetimes are only slightly longer, 33 ps, 96 ps and
0.24 ns. The energy transfer component from blue to red Chls often ob-
served inPSI [32,50]wasnot resolvedheredue to the lower time resolution
of the TCSPC as discussed in details in [32]. However, the decay compo-
nents of PSI have very similar spectra and lifetimes as observed previously
[32]. The two ns componentswith extremely small amplitude (b1%) prob-
ably arise fromuncoupledantennas and/or chlorophylls andare furthernot
considered. The main difference between the PSI and PSI-LHCII DAS is the
stronger contribution of the two fastest components in the LHCII emission
region (680 nm). This demonstrates that LHCII decays on this short
sub-100 ps time scale. The average ﬂuorescence lifetime of PSI and
PSI-LHCII (calculated over the complete spectral range) are 66 ps and
73 ps, respectively. For a system of well-connected Chls one would expect
that the average trapping time scales approximately linearlywith thenum-
ber of pigments (see e.g. [51]). The trapping time of 73 ps that is obtained
for PSI-LHCII (coordinating 1.16 as many Chls a as PSI) is very close to
76 ps, i.e. 1.16 times 66 ps (average lifetime of PSI) showing that there is
no bottleneck for energy transfer from LHCII to PSI. This result supports
the ﬁndings of Galka et al. [36].
The quantum efﬁciency (ΦPSI) of PSI in the presence and absence of
LHCII can be calculated according to ΦPSI=100%∗((ktotal−kloss)/ktotal)
where ktotal is 1/(average lifetime of PSI) and kloss=1/(average lifetime
of PSI in the absence of charge separation). The loss rate kloss is estimated
Fig. 4. Excitation energy trapping in PSI and PSI-LHCII. DAS of PSI (grey) and PSI-LHCII
(black). Total area under the DAS of PSI-LHCII is normalized to 1.35 the value of PSI.
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2.5 ns [52] and 4 ns e.g. [53], respectively. The average PSI lifetime
of 66 ps means that the total decay rate is 15.2/ns and ΦPSI=
100%∗((15.2−0.3)/15.2)=98.0%. The average lifetime of PSI-LHCII is
73 ps, leading to ΦPSI-LCII of 97.8%. Thus the association of LHCII with
PSI, which increases the total number of Chls from 168 to 210 leads to
a loss of quantum efﬁciency as small as 0.2%!3.4. Excitation energy transfer from mobile LHCII to PSII
As it is not possible to purify PSII supercomplexes with the mobile
LHCII, excitation energy transfer times in PSII were measured directly
in the membrane. The ﬂuorescence kinetics of intact FR and growth
light thylakoids of ML plants were measured after excitation at 475 nm
at 680 nm, 700 nm and 720 nm and ﬁtted globally with four lifetimes
(Table 1). PSI and PSI-LHCII contribute to the fastest (87 ps) component
(Table 1) while PSII contributes to all four components [33]. A detailed
description of the attribution of the individual lifetimes in themembrane
is presented in [33]. Whereas for PSII supercomplexes with 2 trimers per
reaction center (RC) and PSII membranes, with a slightly higher amount
of LHCII trimers [54,55], no decay component is observed with a lifetime
of ~0.54 ns, such a lifetime is present for thylakoid membranes with ~4
trimers per RC [33]. Thus this slow component is arising in the presence
of relatively loosely bound LHCII trimers outside the supercomplexes (in
the following indicated as “extra” LHCII). The 2.6 ns component stems
from a small fraction of closed PSII RCs and/or uncoupled Chls. Upon
relocating of LHCII from PSII (FR light) to PSI (growth light) the relative
amplitude of the 86 ps increases at the expense of the 0.26 ns and
0.54 ns components. This can be explained by a decreased contribution
of the “extra” LHCIIs to the “slow” PSII ﬂuorescence decay, and an in-
creased contribution to the 87 ps component by PSI-LHCII. This gives
rise to a shorter average ﬂuorescence lifetime of the thylakoids when
LHCII is associated with PSI (Table 1). Taking together the dataTable 1
Results of global ﬁtting of ﬂuorescence decay of ML thylakoids. Plants were harvested
after treatment with 50 min of FR+low intensity blue light (FR) or after 6–7 h of
growth light. The contributions (Ai) of the different lifetimes (τi) to the ﬂuorescence
decay, and the average ﬂuorescence lifetime bτ>=ΣAi∗τi are given.
FR Growth light
680 nm 700 nm 720 nm 680 nm 700 nm 720 nm
87 ps 40.1% 55.1% 62.8% 47.8% 59.5% 67.8%
0.26 ns 50.3% 37.3% 29.7% 46.1% 35.4% 27.5%
0.54 ns 9.2% 7.3% 7.3% 5.8% 4.9% 4.5%
2.6 ns 0.3% 0.3% 0.2% 0.3% 0.2% 0.2%
bτ> 215 ps 184 ps 171 ps 192 ps 169 ps 154 psshow that the mobile LHCII transfers its excitation energy slowly
when associated to PSII (FR light) and fast when associated to PSI
(growth light), leading to a decrease of the average lifetime in the
latter case.
4. Discussion
4.1. LHCII is part of the antenna of PSI under all growth conditions
LHCII is commonly deﬁned as the major antenna complex of PSII.
Only in response to short term exposure to PSII light or low light a frac-
tion of LHCII (around 15% in land plants) is thought to move to PSI
[42]. Our data show a different picture: in all growth conditions (LL,
ML, HL, sunlight), a large part of the PSI population is complemented
with one LHCII trimer, which acts as a functional PSI antenna with high
excitation-transfer efﬁciency. The data actually show that LHCII transfers
excitation energy faster andmore efﬁciently to the reaction center of PSI
than to that of PSII, when associated with either complex. This LHCII
largely contributes to the “slow” 0.54 ns ﬂuorescence decay component
when it acts as a PSII antenna (Table 1), while it contributes to the fast
sub-100 ps component when it is an antenna of PSI (Fig. 4).
The reason for favoring LHCII as PSI antenna becomes clear looking
at the calculated absorption balance between the two photosystems
which shows that if all LHCII is associated with PSII this PS would be
overexcited at all wavelengths below 681 nm, while an almost perfect
1:1 ratio is obtained when the PSI antenna size is enlarged by LHCII as
was found to be the case under growth light.
It is also shown that in agreement with previous results the tran-
sition to St1 is a short term response and it is induced by FR light and
by sudden HL (NPQ conditions) when LHCII probably needs to move
back to the grana to get quenched [19,47,56].
4.2. Short term vs. long term acclimation
It is generally believed that the redistribution of excitation energy
between the two photosystems is maintained in the short term by
state transitions and in the long termby photosystem stoichiometry ad-
justment [57–60]. In laboratory conditions St1 is induced by “PSI light”
(far-red) and St2 by “PSII light” or low light. Changes in PSI/PSII stoichi-
ometry are indeed observed upon long term acclimation to “PSII light”
or “PSI light” [8–10]. However, while enrichment in far-red lightmimics
the light condition under a canopy, “PSII light” does not occur in Nature.
Low lightmimics far better the natural conditions, but the long term ac-
climation to low light leads to an increase of the antenna size of PSII
[25,61], which is exactly the opposite of the effect produced by a St1
to St2 transition. This apparent contradiction has been pointed out be-
fore [19] but is still waiting for an explanation.
Our data show that LHCII is also associated with PSI after long term
acclimation. This allows for the simultaneous adjustment of the PSI and
PSII antenna size by regulating the level of Lhcb1 and Lhcb2 only, as pre-
viously hypothesized [25]. This also explains the puzzling observation
that the amount of Lhca (PSI antenna) is constant under all light condi-
tions, while that of Lhcb1 and Lhcb2 varies, increasing in LL as compared
to ML and decreasing in HL conditions [25]. Our data show that the
amount of LHCII associated with PSI changes in the same way: in LL
grown plants 65% of the PSI is in the PSI-LHCII form, while this is 54%
in ML and 40% in HL grown plants, demonstrating that the modulation
of LHCII affects the antenna size of both photosystems and explaining
why there is no need for the modulation of the level of Lhca complexes
in different light conditions.
4.3. Summary
The picture that emerges from our data is that LHCII is a very efﬁ-
cient antenna for PSI, independent of the light intensity (Fig. 5). Only
when stress is induced by a sudden profound increase of light intensity,
Fig. 5. Summary. PSII model is taken from [51] and PSI from [62]. The PSI and PSII cores are depicted in light orange, in PSII trimer M in blue, trimer S in green and the minor antenna,
CP24, CP26 and CP29, in orange, and in PSI the Lhca antenna in blue. The mobile LHCII complex is depicted in red. The thickness of the yellow arrow represents the rate of excitation
energy transfer to PSI or PSII.
425E. Wientjes et al. / Biochimica et Biophysica Acta 1827 (2013) 420–426or under strong over-excitation of PSI with far-red light, the LHCII an-
tennamoves to PSII to get quenched or to increase the PSII antenna size.
Acknowledgements
We thank Stefano Caffarri and Pierre Galka (AixMarseille Université)
for isolation of the PSI-LHCII supercomplex, Pierre Cardol (Université de
Liège) and Giovanni Finazzi (CEA Grenoble) for help with the ECS mea-
surements and Arie van Hoek for technical support. This work was
supported by The Netherlands Organisation for Scientiﬁc Research
(NWO), Earth and Life Sciences (ALW), through a Vici grant (to R.C.).
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbabio.2012.12.009.
References
[1] C. Bonaventaru, J. Myers, Fluorescence and oxygen evolution from Chlorella
pyrenoidosa, Biochim. Biophys. Acta 189 (1969) 366–383.
[2] N. Murata, Control of excitation transfer in photosynthesis. I. Light-induced
change of chlorophyll a ﬂuorescence in Porphyridium cruentum, Biochim. Biophys.
Acta 172 (1969) 242–251.
[3] J.F. Allen, Protein-phosphorylation in regulation of photosynthesis, Biochim.
Biophys. Acta 1098 (1992) 275–335.
[4] R. Kouril, A. Zygadlo, A.A. Arteni, C.D. de Wit, J.P. Dekker, P.E. Jensen, H.V. Scheller,
E.J. Boekema, Structural characterization of a complex of photosystem I and
light-harvesting complex II of Arabidopsis thaliana, Biochemistry 44 (2005)
10935–10940.
[5] H. Takahashi, M. Iwai, Y. Takahashi, J. Minagawa, Identiﬁcation of the mobile
light-harvesting complex II polypeptides for state transitions in Chlamydomonas
reinhardtii, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 477–482.
[6] M. Iwai, K. Takizawa, R. Tokutsu, A. Okamuro, Y. Takahashi, J. Minagawa, Isolation
of the elusive supercomplex that drives cyclic electron ﬂow in photosynthesis,
Nature 464 (2010) 1–5.[7] G.C. Papageorgiou, Govindjee, Photosystem II ﬂuorescence: slow changes — scaling
from the past, J. Photochem. Photobiol. B 104 (2011) 258–270.
[8] W.S. Chow, A. Melis, J.M. Anderson, Adjustments of photosystem stoichiometry in
chloroplasts improve the quantum efﬁciency of photosynthesis, Proc. Natl. Acad.
Sci. U. S. A. 87 (1990) 7502–7506.
[9] A. Melis, Dynamics of photosyntheticmembrane-composition and function, Biochim.
Biophys. Acta 1058 (1991) 87–106.
[10] S.W. Hogewoning, E.Wientjes, P. Douwstra, G. Trouwborst,W. van Ieperen, R. Croce,
J. Harbinson, Photosynthetic quantumyield dynamics: fromphotosystems to leaves,
Plant Cell 24 (2012) 1921–1935.
[11] B. Andersson, J.M. Anderson, Lateral heterogeneity in the distribution of
chlorophyll–protein complexes of the thylakoid membranes of spinach chlo-
roplasts, Biochim. Biophys. Acta 593 (1980) 427–440.
[12] U.K. Larsson, B. Jergil, B. Andersson, Changes in the lateral distribution of the
light-harvesting chlorophyll-a/b–protein complex induced by its phosphoryla-
tion, Eur. J. Biochem. 136 (1983) 25–29.
[13] S. Bellaﬁore, F. Bameche, G. Peltier, J.D. Rochaix, State transitions and light adap-
tation require chloroplast thylakoid protein kinase STN7, Nature 433 (2005)
892–895.
[14] N. Depege, S. Bellaﬁore, J.D. Rochaix, Role of chloroplast protein kinase Stt7 in
LHCII phosphorylation and state transition in Chlamydomonas, Science 299
(2003) 1572–1575.
[15] M. Pribil, P. Pesaresi, A. Hertle, R. Barbato, D. Leister, Role of plastid protein phos-
phatase TAP38 in LHCII dephosphorylation and thylakoid electron ﬂow, Plos Biol.
8 (2010).
[16] A. Shapiguzov, B. Ingelsson, I. Samol, C. Andres, F. Kessler, J.D. Rochaix, A.V. Vener,
M. Goldschmidt-Clermont, The PPH1 phosphatase is speciﬁcally involved in LHCII
dephosphorylation and state transitions in Arabidopsis, Proc. Natl. Acad. Sci. U. S.
A. 107 (2010) 4782–4787.
[17] J.F. Allen, J. Bennett, K.E. Steinback, C.J. Arntzen, Chloroplast protein-phosphorylation
couples plastoquinone redox state to distribution of excitation-energy between
photosystems, Nature 291 (1981) 25–29.
[18] J. Bennett, Protein-phosphorylation in green plant chloroplasts, Annu. Rev. Plant
Phys. 42 (1991) 281–311.
[19] E. Rintamaki, P. Martinsuo, S. Pursiheimo, E.M. Aro, Cooperative regulation of
light-harvesting complex II phosphorylation via the plastoquinol and ferredox-
in–thioredoxin system in chloroplasts, Proc. Natl. Acad. Sci. U. S. A. 97 (2000)
11644–11649.
[20] S. Lemeille, A. Willig, N. Depege-Fargeix, C. Delessert, R. Bassi, J.D. Rochaix, Anal-
ysis of the chloroplast protein kinase Stt7 during state transitions, Plos Biol. 7
(2009) 664–675.
[21] S. Jansson, A guide to the Lhc genes and their relatives in Arabidopsis, Trends Plant
Sci. 4 (1999) 236–240.
426 E. Wientjes et al. / Biochimica et Biophysica Acta 1827 (2013) 420–426[22] D. Sandona, R. Croce, A. Pagano, M. Crimi, R. Bassi, Higher plants light harvesting
proteins. Structure and function as revealed bymutation analysis of either protein or
chromophore moieties, Biochim. Biophys. Acta 1365 (1998) 207–214.
[23] J.P. Dekker, E.J. Boekema, Supramolecular organization of thylakoid membrane
proteins in green plants, Biochim. Biophys. Acta Bioenerg. 1706 (2005) 12–39.
[24] S. Caffarri, R. Kouril, S. Kereiche, E.J. Boekema, R. Croce, Functional architecture of
higher plant photosystem II supercomplexes, EMBO J. 28 (2009) 3052–3063.
[25] M. Ballottari, L. Dall'Osto, T. Morosinotto, R. Bassi, Contrasting behavior of higher
plant photosystem I and II antenna systems during acclimation, J. Biol. Chem. 282
(2007) 8947–8958.
[26] A. Ben-Shem, F. Frolow, N. Nelson, Crystal structure of plant photosystem I, Na-
ture 426 (2003) 630–635.
[27] E.J. Boekema, P.E. Jensen, E. Schlodder, J.F.L. van Breemen, H. van Roon, H.V. Scheller,
J.P. Dekker, Green plant photosystem I binds light-harvesting complex I on one side
of the complex, Biochemistry 40 (2001) 1029–1036.
[28] S.P. Zhang, H.V. Scheller, Light-harvesting complex II binds to several small Sub-
units of photosystem I, J. Biol. Chem. 279 (2004) 3180–3187.
[29] C. Lunde, P.E. Jensen, A. Haldrup, J. Knoetzel, H.V. Scheller, The PSI-H subunit of
photosystem I is essential for state transitions in plant photosynthesis, Nature
408 (2000) 613–615.
[30] R. Croce, G. Canino, F. Ros, R. Bassi, Chromophore organization in the higher-plant
photosystem II antenna protein CP26, Biochemistry 41 (2002) 7334–7343.
[31] O.J. Somsen, L.B. Keukens, M.N. de Keijzer, A. van Hoek, H. van Amerongen, Struc-
tural heterogeneity in DNA: temperature dependence of 2-aminopurine ﬂuores-
cence in dinucleotides, Chemphyschem 6 (2005) 1622–1627.
[32] E. Wientjes, I.H.M. van Stokkum, H. van Amerongen, R. Croce, The role of the individ-
ual lhcas in photosystem I excitation energy trapping, Biophys. J. 101 (2011) 745–754.
[33] B. van Oort, M. Alberts, S. de Bianchi, L. Dall'Osto, R. Bassi, G. Trinkunas, R. Croce,
H. van Amerongen, Effect of antenna-depletion in photosystern II on excitation
energy transfer in Arabidopsis thaliana, Biophys. J. 98 (2010) 922–931.
[34] H. Schagger, Tricine-SDS-PAGE, Nat. Protoc. 1 (2006) 16–22.
[35] S. Jarvi, M. Suorsa, V. Paakkarinen, E.M. Aro, Optimized native gel systems for sepa-
ration of thylakoid protein complexes: novel super- andmega-complexes, Biochem.
J. 439 (2011) 207–214.
[36] P. Galka, S. Santabarbara, T.T. Khuong, H. Degand, P. Morsomme, R.C. Jennings,
E.J. Boekema, S. Caffarri, Functional analyses of the plant photosystem I-light-
harvesting complex II supercomplex reveal that light-harvesting complex II loosely
bound to photosystem II is a very efﬁcient antenna for photosystem i in state II, Plant
Cell 24 (2012) 2963–2978.
[37] E.Wientjes, G.T. Oostergetel, S. Jansson, E.J. Boekema, R. Croce, The role of Lhca com-
plexes in the supramolecular organization of higher plant photosystem I, J. Biol.
Chem. 284 (2009) 7803–7810.
[38] S.W.Hogewoning, E.Wientjes, P. Douwstra, G. Trouwborst,W. van Ieperen, R. Croce,
J. Harbinson, Photosynthetic quantumyield dynamics: fromphotosystems to leaves,
Plant Cell (2012).
[39] R. Bassi, P. Dainese, A supramolecular light-harvesting complex from chloroplast
photosystem-II membranes, Eur. J. Biochem. 204 (1992) 317–326.
[40] B. Hankamer, J. Nield, D. Zheleva, E. Boekema, S. Jansson, J. Barber, Isolation and
biochemical characterisation of monomeric and dimeric photosystem II com-
plexes from spinach and their relevance to the organisation of photosystem II
in vivo, Eur. J. Biochem. 243 (1997) 422–429.
[41] P. Joliot, R. Delosme, Flash-induced 519 nm absorption change in green algae,
Biochim. Biophys. Acta 357 (1974) 267–284.
[42] J.F. Allen, How does protein-phosphorylation regulate photosynthesis, Trends
Biochem. Sci. 17 (1992) 12–17.
[43] M. Tikkanen, M. Piippo, M. Suorsa, S. Sirpio, P. Mulo, J. Vainonen, A.V. Vener,
Y. Allahverdiyeva, E.M. Aro, State transitions revisited - a buffering system for dy-
namic low light acclimation of Arabidopsis, Plant Mol. Biol. 62 (2006) 795-795.[44] R. Bassi, G. Giacometti, D. Simpson, Changes in the organization of stroma mem-
branes induced by in vivo state 1–state 2 transition, Biochim. Biophys. Acta 935
(1988) 152–165.
[45] M. Tikkanen, M. Nurmi, M. Suorsa, R. Danielsson, F. Mamedov, S. Styring, E.M. Aro,
Phosphorylation-dependent regulation of excitation energy distribution between
the two photosystems in higher plants, Biochim. Biophys. Acta Bioenerg. 1777
(2008) 425–432.
[46] E. Rintamaki, M. Salonen, U.M. Suoranta, I. Carlberg, B. Andersson, E.M. Aro, Phosphor-
ylation of light-harvesting complex II and photosystem II core proteins shows differ-
ent irradiance-dependent regulation in vivo — application of phosphothreonine
antibodies to analysis of thylakoid phosphoproteins, J. Biol. Chem. 272 (1997)
30476–30482.
[47] E. Kanervo, M. Suorsa, E.M. Aro, Functional ﬂexibility and acclimation of the thy-
lakoid membrane, Photochem. Photobiol. Sci. 4 (2005) 1072–1080.
[48] P. Cardol, B. Bailleul, F. Rappaport, E. Derelle, D. Beal, C. Breyton, S. Bailey,
F.A. Wollman, A. Grossman, H. Moreau, G. Finazzi, An original adaptation of
photosynthesis in the marine green alga Ostreococcus, Proc. Natl. Acad. Sci.
U. S. A. 105 (2008) 7881–7886.
[49] G.H. Krause, E. Weis, Chlorophyll ﬂuorescence and photosynthesis — the basics,
Annu. Rev. Plant Phys. 42 (1991) 313–349.
[50] C. Slavov, M. Ballottari, T. Morosinotto, R. Bassi, A.R. Holzwarth, Trap-limited charge
separation kinetics in higher plant photosystem I complexes, Biophys. J. 94 (2008)
3601–3612.
[51] R. Croce, H. van Amerongen, Light-harvesting and structural organization of pho-
tosystem II: from individual complexes to thylakoid membrane, J. Photochem.
Photobiol. B 104 (2011) 142–153.
[52] E.Wientjes, I.H. van Stokkum, H. van Amerongen, R. Croce, Excitation-energy transfer
dynamics of higher plant photosystem I light-harvesting complexes, Biophys. J. 100
(2011) 1372–1380.
[53] M.A. Palacios, F.L. de Weerd, J.A. Ihalainen, R. van Grondelle, H. van Amerongen,
Superradiance and exciton (de)localization in light-harvesting complex II from
green plants? J. Phys. Chem. B 106 (2002) 5782–5787.
[54] K. Broess, G. Trinkunas, A. van Hoek, R. Croce, H. van Amerongen, Determination
of the excitation migration time in photosystem II — consequences for the mem-
brane organization and charge separation parameters, Biochim. Biophys. Acta
Bioenerg. 1777 (2008) 404–409.
[55] S. Caffarri, K. Broess, R. Croce, H. van Amerongen, Excitation energy transfer and
trapping in higher plant photosystem II complexes with different antenna sizes,
Biophys. J. 100 (2011) 2094–2103.
[56] M. Tikkanen, M. Grieco, E.M. Aro, Novel insights into plant light-harvesting complex
II phosphorylation and ‘state transitions’, Trends Plant Sci. 16 (2011) 126–131.
[57] L. Dietzel, K. Brautigam, T. Pfannschmidt, Photosynthetic acclimation: state transi-
tions and adjustment of photosystem stoichiometry — functional relationships be-
tween short-term and long-term light quality acclimation in plants, FEBS J. 275
(2008) 1080–1088.
[58] R.G. Walters, P. Horton, Acclimation of Arabidopsis thaliana to the light environ-
ment — changes in composition of the photosynthetic apparatus, Planta 195
(1994) 248–256.
[59] S. Eberhard, G. Finazzi, F.A. Wollman, The dynamics of photosynthesis, Annu. Rev.
Genet. 42 (2008) 463–515.
[60] P. Pesaresi, A. Hertle, M. Pribil, A. Schneider, T. Kleine, D. Leister, Optimizing pho-
tosynthesis under ﬂuctuating light: the role of the Arabidopsis STN7 kinase, Plant
Signal. Behav. 5 (2010).
[61] J.M. Anderson, W.S. Chow, Y.I. Park, The grand design of photosynthesis: acclima-
tion of the photosynthetic apparatus to environmental cues, Photosynth. Res. 46
(1995) 129–139.
[62] A. Amunts, O. Drory, N. Nelson, The structure of a plant photosystem I supercomplex
at 3.4 Å resolution, Nature 447 (2007) 58–63.
